Minerals are more complex than previously thought because of the discovery that their chemical properties vary as a function of particle size when smaller, in at least one dimension, than a few nanometers, to perhaps as much as several tens of nanometers. These variations are most likely due, at least in part, to differences in surface and near-surface atomic structure, as well as crystal shape and surface topography as a function of size in this smallest of size regimes. It has now been established that these variations may make a difference in important geochemical and biogeochemical reactions and kinetics. This recognition is broadening and enriching our view of how minerals influence the hydrosphere, pedosphere, biosphere, and atmosphere.
M ost physical, chemical, and biological processes on Earth are either influenced to some degree or fully driven by the properties of minerals. But with only about 4500 mineral species presently described, not many relative to millions of prokaryotic and eukaryotic species combined, their diversity and range of influence may seem, by comparison, relatively modest. Minerals exert their influence by constituting the bulk of this rocky planet and having a wide range of composition and structure that is expressed in a marked diversity of physical and chemical properties. Now we are gaining a much better appreciation for another aspect of mineral diversity-that which is expressed in the nanoscale size range (1) (2) (3) . Here, atomic and electronic structure of nanoparticles may vary with size even without a phase transformation, and surface-to-volume ratios change dramatically. Such particles are minerals that are as small as roughly 1 nm and as large as several tens of nanometers in at least one dimension. Limiting size in one, two, or three dimensions results in a nanofilm (or nanosheet), a nanorod, or a nanoparticle, respectively. Minerals can be found in all of these shapes, although this review will concentrate on nanoparticles. Nanominerals are defined here as minerals that only exist in this size range; that is, one will not find their equivalent at sizes larger than this. Well-known examples include certain clays as well as iron and manganese (oxyhydr)oxides (with ferrihydrite, an iron oxyhydroxide, as a type example). Mineral nanoparticles are minerals that can also exist in larger sizes, and these probably include most of all known minerals.
The importance of certain types of nanominerals and mineral nanoparticles, namely clays and the smallest mineral colloids, has been known for a long time. What has been generally recognized more recently is that nanominerals and mineral nanoparticles commonly behave differently as a function of their size within the nanoscale size range. Mineral nanoparticles also behave differently than larger micro-and macroscopic crystals of the same mineral. This observation violates aspects of the long-standing, formal definition of a mineral. Although definitions vary somewhat, depending on the source, the general consensus is that minerals are naturally occurring, crystalline substances having a characteristic and defined chemical composition (or compositional range in the case of solid solutions). For any particular composition, each mineral expresses a set of specific physical and chemical properties. Nanominerals and mineral nanoparticles satisfy these criteria, except that even with a fixed composition, they express a range of physical and chemical properties depending on their size and shape.
Origin, Occurrence, and Distribution Under the influence of either abiotic or biotic processes, all minerals go through a nanophase stage during formation. In most cases, this stage is transitory. But in cases where nucleation rates are high and growth rates are slow, as well as , resulting in the formation of a manganese oxyhydroxide (23) . (C) Examples may be found in nature (42) that closely compare to systems studied in the lab (23); a Mn hydrous oxide nanomineral (a vernadite-like phase making up the darker areas and "strings" in the image to the right; nanocrystals of this mineral are shown at high resolution in the image to the left), which is intimately associated with ferrihydrite (the medium gray areas in the image to the right), contains relatively high concentrations of several toxic heavy metals and is important in toxic metal transport in the Clark Fork River Superfund Complex in Montana (D). With field observations, laboratory experiments are refined or created anew [back to (A)].
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www.sciencemag.org SCIENCE VOL 319 21 MARCH 2008 where aggregated growth of mineral nanoparticles (4) is not a dominant process, nanominerals and mineral nanoparticles will form and can persist. Mineral nanophases forming under biotic processes, or nanobiomineralization, may involve bacterially driven redox reactions of aqueous species associated with some cell function, such as sequestering a toxic metal or storing a micronutrient, which often result in nanosize minerals (5, 6) . Mineral weathering also commonly generates nanosized primary or secondary phases.
Nanominerals and mineral nanoparticles are common and widely distributed throughout the atmosphere, oceans, groundwater and surface waters, soils, in and/or on most living organisms, and even within proteins such as ferritin. Their occurrence is more limited in crustal or mantle rocks, but they do exist in these rocks, and they can even influence deep Earth processes. Although the overall mass distribution of nanominerals and mineral nanoparticles in the Earth system is not known at this time, the oceans may be the principal reservoir for them. Riverine, glacial, and aeolian supplies of nanoparticles to the world's oceans are large, with global biogeochemical consequences (7, 8) .
In the atmosphere, the mass of mineral dust derived annually from windblown arid and semiarid lands, and secondarily from agricultural lands, far exceeds the average mass of mineral dust derived from volcanic emissions, as well as biological debris (9) . The only large atmospheric inputs of natural particles that rival all of these sources are the halite and hydrous sulfate aerosols from sea spray (10) . The total volume of atmospheric mineral particles is dominated by particles that are larger than 100 nm, but numerically, most are nanoparticles less than 50 nm in size (11) . The cumulative surface area of these nanoparticles is considerably less than that of the larger particles, but it is still notable (11) . Mineral dust, including mineral nanoparticles, is distributed globally from its source regions by way of atmospheric circulation patterns. Climate change is projected to play the key role in variations of mineral dust origins and distribution patterns of the future (12, 13) .
In addition to mineral growth or weathering, nanoparticles can be generated by mechanical grinding associated with earthquake-generating faults in Earth's crust. The presence of faultrelated fine-grained rock fragments, containing mineral nanoparticles down to 10 to 20 nm in size, is likely to be important in fault mechanics (14, 15) . Nanomineralogy is also important in places where the presence of nanominerals and mineral nanoparticles would not necessarily be anticipated. For example, nanoparticles of the high-pressure silicates ringwoodite and wadyleyite play a central role in deep-focus earthquakes at~300 to 700 km depths in Earth's mantle (16) .
Beyond Earth, the presence of nanophase ferric oxides in martian soils and airborne dust has been suspected for several years based on data from spectral imagers onboard the Mars Viking and Pathfinder landers, as well as groundbased observations (17, 18) . In chondritic meteorites and interplanetary dust particles, minute concentrations of diamond nanoparticles exist. These nanodiamonds are thought to represent presolar dust, likely forming in supernovae, but it is also suggested that they could form directly in the solar nebula (19) and in conjunction with other star types (20) . Nanodiamonds average 3 nm in diameter, and grains as small as 1 nm (<150 carbon atoms) have been observed (19) .
Changes That Occur with Mineral Size
Current evidence suggests that-as with nonmineral metals, semiconductors, and insulating nanoparticles-nanominerals and mineral nanoparticles may show variations in their atomic structure relative to larger particles and as a function of size in the nanoscale regime (2, 5, 6) . Many factors may be involved in these variations, including structurally disordered, strained, and/or reconstructed surfaces, as well as potential variations in surface topography and crystallographic surfaces that are exposed. Electronic structure variations are also expected, as observed for many other nanomaterials.
In small mineral nanoparticles, even the interior structure may be appreciably affected. Using a combination of extended x-ray absorption fine structure, wide-angle x-ray scattering, and pair distribution analyses, Gilbert and others (21) found that the atomic structure of 3.4-nmdiameter sphalerite (ZnS) nanoparticles deviated from that of bulk sphalerite, even though the surface was strongly passivated by a complexing ligand. A loss of structural coherence occurred at distances greater than 2 nm, suggesting that disrupted surface environments drive inhomogeneous internal strain. This results in structural stiffening that far exceeds what is expected by the mild overall bond-length contraction that is observed.
An example of structural variation as a function of particle size in the nanoregime can be garnered from a study of the nanomineral ferrihydrite (22) , a common iron oxyhydroxide found in soils, oceans, surface waters, and groundwater. Individual crystallites of ferrihydrite are typically rounded and less than 10 nm in diameter. Pair distribution function analysis, derived from total x-ray scattering experiments and also calculated from refined atomic structure models, was used to gain insight into the structure of this important yet enigmatic phase. The results suggest that ferrihydrites with scattering domain sizes of 6, 3, and 2 nm have the same basic chemistry [Fe 10 O 14 (OH) 2 ], crystal structure with space group P6 3 mc, cell dimensions a =~5.95 Å (53) , top] and oligomer [trimer cluster (54) , bottom] with Fe 3+ (smaller dark red spheres), oxygen (larger light red spheres), and hydrogen (light pink spheres). These molecules are hydrogen-terminated but should only be considered approximations of actual aqueous/environmental states. (Middle) Polyhedral representations of 1-and 5-nm hematite (Fe 2 O 3 ) nanoparticles. Each polyhedron represents an Fe 3+ in octahedral coordination with oxygen. The thickness of the 5-nm particle should be typically several (roughly five to seven) octahedral layers (23) and that of the 1-nm particle should be just a few octahedral layers. (Right) (Top) HRTEM image of hematite nanoparticles from Namibia (Africa) (sample courtesy of the Smithsonian Institution research collection); (Middle) TEM image of an unoriented aggregate of 3-to 5-nm hematite crystals (stippled portion of the image) from an acid mine drainage site in Montana (USA) (55); (Bottom) photograph of macroscopic specular hematite (courtesy of R. Lavinsky).
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on April 8, 2008 www.sciencemag.org and c =~9.06 Å, and an 80/20 ratio of octahedrally to tetrahedrally coordinated iron. However, as this nanomineral becomes smaller, the a cell edge increases slightly (by 0.03 Å), the c cell edge decreases much more (by 0.16 Å), two of the three crystallographically distinct Fe sites show a decrease in occupancy, and the third Fe site (octahedral) remains fully occupied but shows increasing degrees of distortion. Like sphalerite nanoparticles (21), the atomic structure of ferrihydrite crystallites is probably influenced by surface relaxation driving internal disorder and strain (22) . It is also interesting to consider that the 2-nm particles of ferrihydrite only contain~20 unit cells, so a much higher percentage of Fe sites is at or near the surface versus that in the 6-nm particles with~30 times the volume.
The Size Range of Nanominerals and Mineral Nanoparticles
The upper size range of nanominerals is likely to be quite variable, depending on the mineral. The upper size limit of mineral nanoparticles can be defined as the size above which the properties of the particles are indistinguishable from those of the bulk material, or (equivalently) the size where, as the mineral particles become smaller and smaller, properties begin to show variations relative to those of larger particles of the same mineral. This size should depend on the nature of the material (e.g., whether it is a metal, semiconductor, or insulator), the particle shape, and the property measured (e.g., whether it is chemical, electrical, optical, mechanical, or thermodynamic). In most cases, it is not known below what size these properties will begin to vary for which minerals, because, to date, few measurements of this type have been made. In a few cases where this information exists for affinities and rates of geochemically relevant reactions for certain iron oxide minerals, it has been suggested that surface area-normalized variations are observed when size drops below a few tens of nanometers (23) (24) (25) (26) .
The lower size limit of nanominerals and mineral nanoparticles is also challenging to delineate. Minerals, by definition, are crystalline, which requires a repeating arrangement of atoms. Therefore, the smallest atomic clusters cannot qualify as nanominerals or mineral nanoparticles, but an atomic arrangement that is greater than a few unit cells in one or more dimensions would qualify. Using zinc, sulfur, and the mineral sphalerite as an example, one can start with an individual zinc ion dissolved in water: the hexaquo Zn complex [Zn
2+
(H 2 O) 6 ]. In the presence of dissolved reduced sulfur, ZnS cluster complexes can form, for example, with the stoichiometry of Zn 3 S 3 (H 2 O) 6 (27) . Molecular modeling of this cluster shows that it has a diameter of about 0.7 nm (27) . A single unit cell of sphalerite, containing Zn 4 S 4 , has a cubic unit-cell dimension of 0.54 nm with an atomic density greater than that of the cluster. The smallest nanoparticles of sphalerite that have been observed to date are
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versus that of 25-and 88-nm hematite (25) ; and the reduction rate of hematite by Shewanella oneidensis MR-1 with lactate as the sole electron donor is an order of magnitude faster for 99-nm versus 11-nm nanoparticles (26) .
Thermodynamic considerations in the nanorange are just as fascinating and critical to consider if we are to have a means for predicting the stability of nanophases under various Earth conditions, as well as to understand polymorphic phase transformations driven by size. Toward these goals, surface enthalpies of nanominerals and mineral nanoparticles, as well as enthalpies of phase transitions, have been measured for polymorphs of Al, Fe, Mn, Ti, and Zr oxides via high-temperature oxide-melt solution calorimetry and water adsorption calorimetry (28) (29) (30) . At the nanoscale, three factors compete to stabilize a given polymorph: enthalpy of polymorphic transition, surface enthalpy, and enthalpy of hydration. In general, the polymorphs metastable for coarse particles have lower surface energies, leading to crossovers in phase stability as the particle size decreases. This provides a thermodynamic explanation of why nanoparticulate oxides often crystallize as one polymorph, whereas another polymorph is exhibited in coarsergrained material. It is important for future studies to make the thermodynamic predictions more relevant to Earth systems and to obtain systematic size-resolved thermodynamic data for systems of geochemical importance, including clays and carbonates.
Mineral solubility is a crucial property in predicting the fate of minerals and dissolved species in the environment. A modified version of the Kelvin equation predicts solubility dependence on size, stating that as particles get smaller through the nanorange of sizes, their solubilities increase exponentially (6) . This implies that mineral nanoparticles in a dissolution setting would have short life-spans. However, it is not known how generally applicable this relationship is for minerals. Certain minerals are known to become less soluble as they get smaller (31) . In addition, mineral nanoparticles of lepidocrocite (an iron oxyhydroxide) and FePO 4 ·nH 2 O have been formed at lower Fe/P ratios in solution than predicted by their bulk solubilities (32) . This same study shows that in aqueous binary and ternary systems of Fe + PO 4 ± As, mixed nanophase coprecipitates form with the compositions Fe[(OH) 3 (32) .
Influence on Earth Chemistry
We start with an example that involves phytoplankton production levels in the open oceans, a process that provides a connection between nanoparticles, oceans, and global atmospheric and hydrospheric chemistry. Ocean phytoplankton play a critical role in influencing the amount of CO 2 in the atmosphere, and phytoplankton growth in large swaths of the global ocean has been shown to be limited by iron availability. Dissolved inorganic and organic complexes are typically thought to comprise the bioavailable pool of iron in the ocean. However, recent studies indicate that a significant fraction of the "dissolved" (<0.4 mm) iron in the ocean is actually composed of iron colloids and nanoparticles (33, 34) . Furthermore, this fraction contributes much of the observed variability in dissolved ocean iron concentrations (35) . Oceanographic studies have typically used ultrafiltration membranes to define colloidal iron as the fraction greater than 20 to 25 nm, but researchers using electron microscopy have noted the presence of 2-to 20-nm particles at even higher concentrations (>10 9 ml −1 ) (36, 37). These particles appear to consist of organic compounds surrounding 2-to 5-nm mineral nanoparticles (38) . Recent studies with high-resolution transmission electron microscopy (HRTEM) and electron energy-loss spectroscopy, however, have positively identified iron (oxyhydr)oxide nanoparticles 5 to 20 nm in diameter in glacial and riverine sediments (7, 8) . Iron associated with windblown mineral dust, including nanoparticulate dust, is also an important micronutrient input for phytoplankton (13) . The input of iron within nanoparticles to the oceans has been estimated to far exceed riverine input of dissolved iron (39) . Further, recent evidence suggests that iron within particulates contained in glacial sediments is bioavailable to marine phytoplankton and that this may be an increasingly important source in this century as icebergs are ejected from Antarctic shelves (40 have shown that iron oxide nanoparticles can support the growth of osmotrophic phytoplankton after photoreduction or thermal dissolution (41) , whereas mixotrophic phytoplankton may access mineral nanoparticles through direct ingestion (42) .
Nanophase minerals also influence the movement of harmful heavy metals in Earth's nearsurface environment via complex interactions involving rock, soil, water, air, and living organisms, in many cases overprinted by anthropogenic processes. For instance, lead, arsenic, copper, and zinc were mobilized over hundreds of kilometers within the Clark Fork River drainage basin, part of which makes up the Clark Fork River Superfund Complex in western Montana, the largest Superfund site in the United States. These metals are incorporated into and transported by a newly discovered nanocrystalline vernaditelike mineral (a manganese oxyhydroxide) along major portions of the river (43) . This nanomineral likely forms as a result of the catalytic oxidation of aqueous manganese on ferrihydrite surfaces (23) (Fig. 1) .
The movement of radionuclides (and other toxic metals) in the subsurface often defies laboratory-and thermodynamically based predictions that they should be essentially immobile (44) . It has been shown that radionuclides can be carried over many kilometers in relatively short periods of time by colloids moving with groundwater. At a nuclear waste reprocessing plant in Mayak, Russia (one of the most contaminated nuclear sites in the world), plutonium has traveled several kilometers in the local groundwater system; 70 to 90% of the plutonium transport was attributed to nanoparticles less than 15 nm in size in the groundwater (45) . The nanocarriers in this instance were primarily ferric iron oxides (not clays, calcite, rutile, or other nanomineral and mineral nanoparticle colloids that were also present).
The size dependence of the properties of atmospheric nanoparticles is just beginning to be explored. For example, atmospheric mineral nanoparticles [typically halite (NaCl) and hydrous sulfate evaporates from sea spray] are hygroscopic and act as water droplet nucleation and growth centers. This is a critical step in cloud formation. The size and density of the droplets dictate the solar radiation scattering ability and longevity of clouds, both important factors in influencing average global temperatures. The hygroscopic growth factor for NaCl nanoparticles decreases for sizes below 40 nm as a result of a size-dependent shape factor and the Kelvin effect that takes into account the change in surface tension as a function of surface curvature (46) . Therefore, only relatively large mineral nanoparticles (>40 nm) are expected to contribute to cloud condensation nuclei.
Although minerals can carry human irritants and toxic materials in the atmosphere, many carriers are from anthropogenic sources, most notably particulates emitted from the combustion of fossil fuels (47) and many other emissions from the vast numbers of industries that are associated with metals (48) . Many trace metals in airborne particles, including highly toxic metals such as cadmium, lead, and arsenic, occur in the very fine (<1-mm) to ultrafine (<100-nm) size fraction (48, 49) , and their distinctive properties will influence the bioavailability of the metals in these particles.
Elemental distribution and bioavailability, reaction pathways and catalysis, and mineral growth/solubility/weathering are all influenced by phenomena relevant to, with no equivalent phenomena at scales larger or smaller than, the nanoscale. A dissolved ion in aqueous solution behaves differently than that same ion in a 1-nm mineral, and both behave differently than that same ion in a 5-nm or larger mineral. Considering everything that passes through 200-or 2-nm filters as dissolved is not appropriate. Aqueous and gas-based reactions that occur on (or in conjunction with) a molecular cluster versus a small mineral nanoparticle versus a 50-nm or larger mineral particle, all with equivalent compositions (depicted in Fig. 2 ), are predicted to most often show significantly different pathways and kinetics.
Challenges for the Future Measuring and understanding nanomineral and mineral nanoparticle origin (biotic or abiotic, natural or anthropogenic), geographic distribution, relevant nanochemistry, and overall influence and impact within the complex chemical and physical framework of Earth systems are all critical challenges for the future. For example, it is still not known whether metal oxide and other potentially catalytically active airborne nanoparticles can significantly modify atmospheric chemistry, even locally, as a result of nanomineral-gas heterogeneous chemical reactions (11) . It is possible that important reactions may be driven under these specific circumstances and no other atmospheric scenario, especially where aerosols with very high nanomineral or mineral nanoparticle surface areas exist, or where reaction kinetics would be highly favorable on their surfaces. Very little information presently exists in this field. However, if discovered, such findings may be of fundamental interest and importance, much as was the discovery of the production of ozone-destroying chlorine compounds on the surface of polar stratospheric cloud aerosols (50) .
The same general types of challenges remain in terrestrial and ocean systems. In addition, because nanoparticle aggregation is common in aqueous environments, one must also consider the formation and dispersion of aggregated states, and the transport of reactants to and products from reactive sites within aggregates. Further, when nanoparticles aggregate, it will be important to determine which properties are controlled by individual particles and which by the aggregate as a whole, and how the properties may change as aggregates form and dissociate.
All the complexities of nanomineral and mineral nanoparticle composition, structure, stability, and reactivity also apply to the human body, where normal and pathological mineralization (from the nanosize to the micron-size) affects the calcification of bones, teeth, arteries, and veins, as well as the formation of stones in the kidneys and joints (51) . An equally important field is called nanotoxicology, defined as the safety evaluation of engineered nanostructures through a knowledge of the mechanisms and biokinetics of nanomaterials causing adverse effects in humans (52) . The enormous impact of asbestos-human lung interactions gives some idea of the scope and importance of this one subfield. Nanominerals and mineral nanoparticles in the environment have been present throughout the evolutionary development of hominids, and our exposure to these through inhalation, ingestion, and dermal pathways are important foci of nanotoxicology.
The biogeochemical and ecological impacts of natural and synthetic nanomaterials are some of the fastest growing areas of research today, with not only vital scientific but also large environmental, economic, and political consequences (3). Iron oxides occur ubiquitously in environmental, geological, planetary, and technological settings. They exist in a rich variety of structures and hydration states. They are commonly fine-grained (nanophase) and poorly crystalline. This review summarizes recently measured thermodynamic data on their formation and surface energies. These data are essential for calculating the thermodynamic stability fields of the various iron oxide and oxyhydroxide phases and understanding their occurrence in natural and anthropogenic environments. The competition between surface enthalpy and the energetics of phase transformation leads to the general conclusion that polymorphs metastable as micrometer-sized or larger crystals can often be thermodynamically stabilized at the nanoscale. Such size-driven crossovers in stability help to explain patterns of occurrence of different iron oxides in nature.
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t is hard to find a process or environment in which iron oxides do not participate. From the surface of Mars to the depths of Earth, from old rusting factories to high-tech magnetic recording devices, from pigeon brains and magnetotactic bacteria to drug delivery systems, anhydrous and hydrated iron oxides are ubiquitous. They are constituents of rocks and soils, products of corrosion and bacterial processes, and sources of iron as a nutrient. They have many commercial applications: pigments, catalysts, medical devices, sensors, and recording media. Nanotechnology increasingly makes use of iron oxide nanoparticles and thin films.
Iron oxides exist in a bewildering variety of polymorphs (1) 3 , have even more variable water content. Hydrated phases containing both ferrous and ferric iron include the green rusts, layered hydroxides with different anions in the interlayer. A further complication is that many iron oxides, both in nature and in the laboratory, are exceedingly fine-grained (nanophase) and therefore hard to characterize.
This complexity has meant that until recently, knowledge of the structural details, thermodynamics, and reactivity of iron oxides has been lacking. One could not understand or predict which phases form under what conditions, which polymorphs are stable and which metastable, and 
